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The long-term, continuous, inconspicuous, and noiseless monitoring of bioelectrical signals is critical to the 
early diagnosis of disease and monitoring health and wellbeing. However, it is a major challenge to record 
the bioelectrical signals of patients going about their daily lives because of the difficulties of integrating 
skin-like conducting materials, the measuring system, and medical technologies in a single platform. In this 
study, we developed a thin epidermis-like electronics that is capable of repeated self-adhesion onto skin, 
integration with commercial electronic components through soldering, and conformal contact without 
serious motion artifacts. Using well-mixed carbon nanotubes and adhesive polydimethylsiloxane, we 
fabricated an epidermal carbon nanotube electronics which maintains excellent conformal contact even 
within wrinkles in skin, and can be used to record electrocardiogram signals robustly. The electrode is 
biocompatible and can even be operated in water, which means patients can live normal lives despite 
wearing a compUcated recording system. 

Most activities of the human body, such as muscle contraction and movement, nerve function, glandular 
secretions, heart beating, and brain activity are driven by low levels of electrical current. Therefore, the 
noiseless and long-term robust measurement at the skin of specific electrical currents (known as 
biosignals) is critical to obtaining information required for the diagnosis of disease or the monitoring of health. 
Silver/silver chloride (Ag/AgCl) electrodes have been extensively used to measure biosignals, but are not suitable 
for long-term monitoring (e.g. looker monitoring and epilepsy monitoring) because of the degradation of the 
signal quality due to the drying of the gel over time, skin regrowth, and allergic reactions''^. To address these 
problems of Ag/AgCl electrodes, dry surface electrodes have been employed. However, their practical use is 
limited by the high electrode-to-skin impedance, poor biocompatibility, and high levels of motion artifacts. 
Recent progress in material science and microtechnology has enabled the development of thin skin-like elec- 
tronics that conformally laminate onto the surface of the skin and can be used as electrodes'' ' and sensors'"'". 

Despite advances in technical integration, the fabrication process of such skin-like electronics is complicated 
and it is difficult to establish interconnections with conventional electrical devices and to use commercialized 
electrical components. Although the monitoring of the biosignals of elderly patients is essential to the early 
diagnosis and prevention of disease, it is difficult to perform the robust recording of biosignals from highly 
wrinkled and dried skin for a long time with conventional diverse wet and dry electrodes without replacing the 
electrodes and use of gel. In addition, it is difficult to continue tether-free monitoring of biosignals when patients 
wearing monitoring system carry out normal activities such as showering or bathing. 

In this paper, we present an epidermis-like electronics that can conformally laminate even into the wrinkles of 
skin, maintain robust contact, and self-adhere onto skin without any additional equipment (such as a belt, tape, or 
helmet)'-^'" '^, processing or adhesive glue, which can discomfort users and/or cause skin irritations. In contrast to 
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other electrodes, the metal layer is not in direct contact with the 
surface of the skin and commercial electronic components can be 
easUy integrated by general soldering method. For the engineering of 
such electronics, we hypothesized that a well-dispersed mixture of 
adhesive polydimethylsiloxane (aPDMS) having excellent biocom- 
patibility and mechanical property, and multi-walled carbon- 
nanotubes (CNTs) which have excellent electrical conductivity" 
may provide enhanced conformal contact, self- adhesion, biocompat- 
ibUity and excellent contact impedance. In previous studies, it has 
been shown that mixing PDMS with conductive materials such as 
silver microspheres, silver nanowires and CNTs yields a flexible, 
stretchable, and yet conductive polymer"""*. Among these conduct- 
ive materials, silver microspheres and silver nanowires are more 
conductive compared to the CNTs. However, the silver microspheres 
require much higher concentration in mix with PDMS, as they are 
easily non-contacted when the polymer is stretched or bent. The 
silver nanowires has a linear geometry, which makes it less flexible, 
and can also induce less contact with each other when polymer is 
bent or stretched. On the other hand, the CNTs are tangled, and 
assembled randomly, which allows it to have a better contact with 
each other even when the polymer is bent or stretched. Moreover, the 
CNTs are inexpensive and highly accessible. Therefore, the CNTs are 
a better candidate than the silver microspheres or silver nanowires 
for application in conductive polymer as biosignal-electrode. How- 
ever, well-mixing of both materials enough to have good conduc- 
tivity is difficult, and we developed the mixing method. The 
fabricated CNT/aPDMS electronics is sufficiently thin and flexible 
to be compatible with the mechanical properties of the skin, and its 
modulus is comparable to that of epidermis. By using the proposed 
technology, we fabricated a self-adhesive electrode that can record 
various biosignals including electrocardiograms (ECGs), electroocu- 
lograms (EOGs), and electromyograms (EMGs) without damaging 
the skin. To demonstrate its usefulness in the inconspicuous mon- 
itoring of signals, we developed a self-adhesive and long-term wear- 
able epidermis-like ECG patch, on which measurement and wireless 
communication system is integrated. It showed excellent perform- 
ance in ubiquitous long-term recording of ECG signals. Further- 
more, its noise and motion artifacts are comparable to those of 
commercial Ag/AgCl electrodes. The proposed technology enables 
the unconscious continuous monitoring of personal health regard- 
less of a patient's location and activity and maximizes patient auto- 
nomy, which means that it will have extensive applications in 
biomedical areas and other industry including game, robotics and 
diverse mobile and wearable devices. 

Result 

Fabrication of the ECG patch. The main goal of this study was to 
fabricate an interfacial layer that is conductive, self-adhesive, and 
thin, and that provides ultra-conformal contact with the skin; such 
a layer was achieved by well-dispersed mixing of CNTs in aPDMS 
(MG7-9850, Dow Chemical Corp.). CNTs have high conductivity, so 
were used to fabricate the conductive interfacing layer through their 
thorough dispersion in aPDMS with a wetting and flow stress process 
(Fig. la). Then, the dispersed CNTs are in electrical contact each 
other and CNT/aPDMS becomes conductive. A scanning electron 
microscopy (SEM) image of the well-dispersed CNTs in CNT/ 
aPDMS is shown in Fig. lb. By covering a metal- patterned polyi- 
mide (PI) electrode with CNT/aPDMS layer, the epidermal CNT- 
based electrode was fabricated. Due to the softness and adhesiveness 
of the CNT/aPDMS layer, it penetrates the wrinkles of the epidermis 
and maintains robust contact (Fig. Ic). Fig. Id and Supplementary 
Fig. SI show a SEM image of a CNT/aPDMS layer and a human skin 
replica (Supplementary Fig. S2). As suggested by Fig. Ic, the CNT/ 
aPDMS layer is in conformal contact even with wrinkled and rough 
skin. 



We fabricated a self-adhesive ECG patch with this CNT/aPDMS 
layer (Fig. le). The base PDMS layer and metal-patterned PI layer 
was fabricated and bonded; the CNT/aPDMS layer was bonded onto 
the top (metal patterned side) of the PI layer, and then, the electrode 
face was covered with an aPDMS frame layer. The metal-patterned 
PI layer is completely encapsulated by the CNT/aPDMS, frame, and 
base layers. The overall shape of the electrode is that of an equilateral 
triangle. Three ECG lead-electrodes (ELEs) covered with CNT/ 
aPDMS were placed at each corner in the position of right arm 
(RA), left arm (LA), and left leg (LL), as in the standard ECG record- 
ing method. The rest of the electrode was covered with CNT/ 
aPDMS-based driven-right-leg (DRL) electrodes to enhance signal 
quality through the active noise canceling technique. Top and bot- 
tom optical images of the electrode are shown in Figs. If and g. To 
connect the ELE and DRL electrodes to external measurement sys- 
tems, four terminals are located at the center of the ECG patch. Each 
ELE and DRL are interconnected with serpentine lines to enhance 
the flexibility and stretchability of the electrode"'''". The thicknesses 
of the base layer, PI layer, and CNT/aPDMS layer are 20 |im, 10 \im, 
and about 90 |j,m respectively and the CNT/aPDMS layer main- 
tained excellent conformal contact regardless of skin surface 
(Fig. Id and Supplementary Fig. SI). 

Mechanical property test. An aPDMS, in which the methyl group of 
PDMS is replaced with a vinyl group (CH2 = CH-), exhibits light 
crosslinking to functionalized polydiorganosiloxane, which can be 
used as a skin adhesive substance and has a weak modulus compared 
to that of a typical gelled PDMS elastomer"^'. For this purpose, we 
used MG 7-9850 which is U.S. FDA approved. It is composed of two 
platinum-catalyzed elastomeric PDMSs (MG 7-9850A and MG 7- 
9850B) and has medium adhesiveness among the aPDMS series. This 
adhesive force enables the gentle removal of the electrode without 
serious skin trauma. However, well- dispersion of CNTs in a viscous 
aPDMS solution is difficult because CNTs remain as entangled 
aggregates due to van der Waals attraction. For facile dispersion, 
we dispersed the CNTs by using the solvent-wet dispersion 
method"'^. The additional wetting of the dry CNTs reduces their 
surface energy without any chemical modification and makes disper- 
sion in a viscous fluid much easier. The solvent-wet dispersion of the 
CNTs was performed in two steps (Supplementary Fig. S3). First, the 
CNTs were wetted in solvent (Ethanol) prior to dispersion in 
aPDMS. Second, the solvent-wet CNTs were mixed with MG 7- 
9850A (5 wt%) under intensive shear flow by using a home-made 
stirrer (250 rpm, diameter of cylindrical stirrer = 5.5 cm, gap 
between the beaker and cylindrical stirrer = 1 mm) for 15 h. 
Under intensive shear flow, hydrodynamic energy is transferred to 
the aggregated solvent-wet CNTs to produce dispersion (Step II). 
The CNT-dispersed MG 7-9850A is mixed with MG 7-9850B and 
cured to generate the gelled CNT/aPDMS. To confirm whether the 
CNTs are well dispersed in aPDMS, the CNT/aPDMS was observed 
through SEM. Prior to observation, the fractured surface of CNT/ 
aPDMS was exposed in tetrahydrofuran (THE, Sigma-Aldrich) 
solution for 5 h, to enhance observation. A SEM image of the 
CNT/aPDMS is shown in Fig. lb: CNTs are homogeneously 
embedded in aPDMS with no empty spaces because aPDMS 
successfully diffuses into the CNT clusters. The material properties 
of CNT/aPDMS were investigated by comparing its Fourier trans- 
form infrared spectroscopy (FTIR) spectrum to that of aPDMS. The 
spectra are indistinguishable (Supplementary Fig. S4a), which 
indicates that mixing the CNTs into aPDMS does not change the 
molecular structure of aPDMS. The contact angle of aPDMS and 
CNT/aPDMS is 122° and 116°, which is almost similar (Supple- 
mentary Fig. S4b and S4c). 

To quantify the adhesion properties of CNT/aPDMS, we per- 
formed adhesion tests and measured the adhesive force of the elec- 
trode with a force meter (FGN-5B, NIDEC-SHIMPO Corp.y^-^\ 



SCIENTIFIC REPORTS | 4:6074 | DOI: 1 0. 1 038/srep06074 



2 



AuH'i/PI 



BasePDMS 



CNT/aPDMS 



Wrinkle 



Epidermis 




Frame layer 
(aPDMS) 



Interfacial Layer 
(CNT/aPDMS) 




Metal pattern layer 
(Au/Ti/Polyimide 



Base PDMS 





Bottom 



Terminals 



Figure 1 | ECG electrode based on CNT/aPDMS. (a) The aggregated CNTs are mixed with aPDMS by using flow stress. The CNTs are in electrical 
contact, which means that CNT/aPDMS is conductive, (b) A SEM image of CNT/aPDMS after removal of some aPDMS with THF solution, 
(c) Conformal contact of CNT/aPDMS with wrinkles and rough skin and (d) a SEM image of a CNT/aPDMS electrode attached to a PDMS skin replica, 
(e) Structure of an ECG electrode composed of a PDMS base, a metal-patterned layer (Au/Ti/PI), a frame layer (aPDMS), and a CNT/aPDMS interfacial 
layer, (f) Upper surface of the ECG electrode and serpentine lines, (g) Bottom surface of the ECG electrode, which is the surface attached to the chest. 



When CNT/aPDMS is attached to skin, its adhesive force is 1.1 N/ 
cm^, which is sufficiently strong for skin attachment, as shown in 
Fig. 2a. We repeated attach/detach testing and cleaned the surface of 
CNT/aPDMS with methanol every five cycles. Fig. 2b shows the 
results of the adhesion tests: as attach/detach is repeated, the adhe- 
sion force gradually decreases. After cleaning, the adhesive force 
recovers but is slightly lower, 1.0 N/cm^. The Young's modulus of 
CNT/aPDMS was also measured using an Instron Model 5567 
(TestResources, Shakopee) (Fig. 2c). It was found that CNT/ 
aPDMS has much lower modulus (27.5 kPa) than PDMS 
(~1 MPa); this value is comparable to that of skin (130 kPa)^"■^^ 
This low modulus enhances the mechanical matching of the large 
electrode to soft skin and increases its ability to penetrate skin wrin- 
kles. To quantify and investigate the level of conformal contact with 
skin, we prepared a PDMS skin replica'' (Supplementary Fig. S2). 
Fig. 2d shows a SEM image of the PDMS skin replica. The surface 
of the skin replica contains wrinkles. The PDMS skin replica is trans- 
parent, so the contact of the skin replica with the CNT/aPDMS 
electrode can be examined from beneath (Fig. 2e). We attached 
CNT/aPDMS to the skin replica to determine the degree of contact 
of the electrode with the skin surface. Where a black substrate is not 
in close contact with the surface, the non-contacted area appears gray 
due to the air gap, whereas it appears completely black when in 



conformal contact. We determined the contact area of the CNT/ 
aPDMS electrode, commercialized black tape (Temflex 1711, 3M) 
and a CNT/PDMS^'^ sheet respectively. Optical images of the contact 
surfaces are shown in Figs. 2f-h. As CNT/PDMS are rigid and not 
adhesive, its contacted area was quite small so pressure (15 N/cm"^) 
was applied. We measured the fraction of contact area by using the 
expression (area of black color)/ (total area), and found values for the 
black tape, CNT/PDMS, and CNT/aPDMS of 30.9%, 61.9%, and 
99.7% respectively. 

The contact area of CNT/aPDMS is almost 100%, which means 
that it almost completely covers the skin replica, even the narrow 
wrinkles. For more quantitative test, we tested the penetration of 
CNT/aPDMS into sharp triangular, circle and bar shaped grooves 
(depth=50 |xm) engraved on PDMS substrate (Supplementary Fig. 
S5). As a result, the CNT/aPDMS fully penetrated into the grooves 
indicating the excellent conformal contact. This ultra-high con- 
formal contact means that the large electrode can be stably attached 
to curved and wrinkled skin while maintaining excellent contact 
impedance and robustness with respect to motion artifacts and 



Electric property measurements. The impedance from the heart to 
the amplifier is composed of the impedance between the heart and 
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Figure 2 | Adhesiveness and penetrative properties of CNT/aPDMS. (a) The adhesiveness of CNT/aPDMS. (b) Adhesion force measurements during 
repeated attaching and detaching processes. The CNT/aPDMS surface was cleaned every five cycles, (c) The Young's modulus of CNT/aPDMS. The 
modulus was calculated to be 27.5 kPa. (d) SEM image of the PDMS skin replica, (e) Black tape, CNT/PDMS, and CNT/aPDMS were attached to the skin 
replica to determine their contact areas. Images of the contact areas on (f) black tape, (g) CNT/PDMS, and (h) CNT/aPDMS; the percentage contact areas 
were calculated to be 30.9%, 61.9%, and 99.7% respectively, (scale bar: 3 mm, pressure was applied to CNT/PDMS). 



the epidermis (Zhe)> the contact impedance between CNT/aPDMS 
and the epidermis (Zce)> the intrinsic impedance of CNT/aPDMS 
(Zc), and the contact impedance between CNT/aPDMS and the 
metal-patterned layer (Zcm)> as shown in Fig. 3a. We measured Zc 
and ZcM for various concentrations of CNTs (1.0, 1.5, 2.0, and 
2.5 wt%) by using the Solartron 1260 impedance spectroscopy 
system (ISS) (Supplementary Figs. S6a and b). Z^ is almost 
constant for all frequencies and is resistive and the conductivity of 
Zc are shown for the various concentrations of CNTs in Fig. 3b. As 
the concentration of CNTs increases, the conductivity increases to a 
value of 16.4 S/m for a CNT concentration of 2.5 wt%. Zcm 
decreases to 2.2 kQ as the CNT concentration increases (Fig. 3c). 
For comparison, we prepared a dry electrode (without CNT/aPDMS) 
and an Ag/AgCl electrode (Meditrace 100, Kendall) and Zce of them 
were measured after attaching on the left arm and analyzed 
(Supplementary Figs. S6c and d). The Zce of the dry electrode was 
found to be 1.5 Mfi at 40 Hz (Fig. 3d). In contrast, the Zce of the 
CNT/aPDMS electrode is approximately 241 kfi at 40 Hz and that 
of the Ag/AgCl electrode with gel is 74.2 kfl at 40 Hz. When the 
CNT/aPDMS was stretched, the Z^ value was increased as shown in 
Supplementary Fig. S7a. Moreover, this increased impedance was not 
restored if it was once stretched at 30% (Supplementary Fig. S7b). 
Meanwhile, the Z,- value was maintained while the tensile strain was 
repeated. This is because the electrically contacted CNTs lost the 
contact with each other when the strain force was applied, and did 
not revert to the original status. However, the Z^ value is relatively 
insignificant compared to other impedances, and the thickness of 
CNT/aPDMS seldom varies, as it is unlikely to be any strain force in 
vertical direction when the electrode is attached on the skin. 
Therefore, the change in the Z^ value will not significantly affect 
the performance of the electrode. 



Although CNT/aPDMS provides close contact with skin and has 
low contact impedance, its robustness with respect to motion arti- 
facts also needs to be considered. Motion artifacts arise especially 
when a subject stretches the epidermis with various body motions^'. 
When the epidermis stretches but the electrode does not, the change 
in the contact impedance generates a motion artifact. In addition, 
body motions jerk the connection line between the electrode and the 
measurement system, which means that the contact impedance var- 
ies abruptly. We anticipated that since CNT/aPDMS has a low 
Young's modulus and its impedance is robust with respect to stretch- 
ing, it could easily adapt to body motion without a significant change 
in its impedance. We determined the stretching ratio of a subject's 
skin by marking dots on their left chest at intervals of 2 cm and then 
measuring the changes in their positions as the subject moved their 
arms in four directions: upward, to the side, forward, and backward 
(Supplementary Fig. S8). The degree of stretching was determined 
and it was found that the chest skin stretches by up to 30%. To 
maintain conformal contact of the electrode with the skin under 
strain stress, we designed a lead electrode consisting of 1 mm square 
pieces in length, as shown in Supplementary Fig. S9a. Each square 
was connected with serpentines (width =100 |im, Tinner = 75 (xm, 
''outer =125 |im) and a serpentine line from ELE to terminal was also 
designed (see Supplementary Fig. S9b) that accommodates stretch- 
ing. Optical images of the serpentine interconnections under mech- 
anical stretches of up to 30% along the x-direction are shown in 
Supplementary Figs. S9c and d; no mechanical fractures were 
observed. To quantify motion artifacts and evaluate motion tol- 
erance, two CNT/aPDMS electrodes with serpentine line were 
attached 4 cm apart (center to center) to the left arm of a subject 
(Fig. 4a). Conventional Ag/AgCl electrodes and dry electrodes with 
serpentine line were also tested on the left arm for comparison. We 
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Figure 3 | Electrical properties of CNT/aPDMS. (a) Schematic diagram of tiie impedance from tiie heart to the preamplifier, which is composed of the 
impedance from the heart to the epidermis (Zhe)j the contact impedance between CNT/aPDMS and the epidermis (Zce)> the intrinsic impedance of 
CNT/aPDMS (Zc), and the contact impedance between CNT/aPDMS and the metal-patterned layer (Zcm)- (b) The conductivity of Zc increases as the 
concentration of CNTs increases, (c) Zcm is also resistive and its impedance decreases with the concentration of CNTs. (d) Zce is much higher than the 
other impedances between the heart and the amplifier. The impedance of the dry electrode is the highest and that of the Ag/AgCl electrode is the lowest. 



placed the left arm on an orbital shaker that rotates in a circle 
{d=3 cm) with a variable frequency of motion. Each electrode was 
connected to a bio-potential measurement system (MP150, Biopac 
Systems, Inc.). The rotating frequency of the shaker was adjusted to 1, 
2, or 3 Hz and the motion artifacts of the dry, Ag/AgCl, and CNT/ 
aPDMS electrodes were recorded (Fig. 4b). We quantified the motion 
artifacts by calculating their root-mean-square (RMS) values. The 
RMS of the dry electrode increased from 7.7 to 222.9 mV (saturated 
signal) as the frequency was increased from 1 to 3 Hz, whereas the 
RMS variation of the CNT/aPDMS electrode was 4.7 ~ 49.9 mV, 
and that of the Ag/AgCl electrode was 2.0 ~ 61.4 mV (Fig. 4c). At 
3 Hz, the artifact of the CNT/aPDMS electrode is smaller than that of 
the Ag/AgCl electrode. This result can be explained as follows: 
although its contact impedance is greater than that of the Ag/AgCl 
electrode, the softness and conformal contact of the CNT/aPDMS 
electrode means that it can absorb some of the effects of these 
motions. The dry electrode has the highest contact impedance of 
the tested electrodes and as a result its signal was saturated at 3 Hz 
even though serpentine metal patterns were adopted. 

Solderable interface. Most available electronic components are not 
suitable for use with stretchable and flexible electrode, which would 
narrow its applications. In order to embed an electronic system in the 
electrode and enable facUe connection to an external system via 
soldering, we performed Ni electroplating'". By using a punch 
(rf=1.5 mm), we produced a hole at the center of each terminal, 
then Ni electroplating was performed (Supplementary Fig. SlOa) to 
buUd an anchor for soldering. The Ni-elastomer interconnection is 
strong because the electroplated Ni adheres strongly to the area 
around the hole. To connect the preamplifier to the electrode for 
enhancement in signal quality, we designed a commercialized 
flexible printed circuit board (FPCB), as shown in Supplementary 
Fig. SlOb. A preamplifier (AD8643, Analog Devices Inc.) and 
commercialized electrical lines were soldered to this board. The 
FPCB was designed with four holes for connections to the 



terminals of the ECG patch. The four holes in the FPCB were 
covered with copper and then electroplated with Au on both sides 
and electrically connected. Once the FPCB had been soldered to the 
terminals of the ECG patch (Supplementary Fig. SlOc), the 
biopotential measurement system was robustly connected to the 
ECG patch. 

ECG measurements. To measure ECGs, we customized an ECG 
acquisition module. As shown in Supplementary Figs. SI la and b, 
the signals from the three preamplifiers pass to an instrument 
amplifier (INA118, Burr- Brown Co.), and then are high-pass 
filtered (fc = 0.5 Hz, 2"^ order, Butterworth) to eliminate offsets 
and fluctuations. These signals are amplified and low-pass filtered 
(/c = 40 Hz, 4"" order, Butterworth) to reduce external noise such as 
that due to power lines. For the DRL, the summed RA and LA signals 
of the ECG were amplified with a -10 V/V gain. The ECG signals 
were digitized and sampled with a 1 kHz by 16 bit analog-to-digital 
converter (AD974, Analog Devices Inc.) and were transmitted to a 
microprocessor (ATmegal28, Atmel Corp.). 

To ensure that the electrode is tether-free, we adopted a Bluetooth 
wireless communication system that can transmit ECG data without 
cables. To record the ECG data via Bluetooth, we implemented a 
customized ECG acquisition program on a notebook by using 
Visual Studio 2007 (Supplementary Fig. Sllc). The ECG data from 
the ECG acquisition module was received with a USB-type Bluetooth 
dongle (Supplementary Fig. Slid) and displayed on the screen. 
Further, a real-time software low pass filter with a 45 Hz cutoff 
frequency (71"' order, finite impulse response filter) was implemen- 
ted in the ECG acquisition program to remove external noise once 
more. For feasibility testing, we attached the ECG patch to the left 
chest of a subject, as shown in Fig. 4d. The developed electrode was 
placed in conformal contact with the skin and attached very reliably 
to the surface of the chest (Fig. 4e). For comparison, dry and Ag/AgCl 
electrodes with the same locations at the RA, LA, and LL positions of 
the ECG patch were also tested. As the dry electrode does not have 
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Figure 4 | Motion artifact tests and ECG measurements, (a) Experimental set-up for motion artifact testing. Dry, CNT/aPDMS, and Ag/AgCl electrodes 
were attached to the left arm in separate tests. In each test, the arm was placed on the shaker, which rotates in a circle (d = 3 cm) with a frequency of 60, 1 20, 
or 180 rpm; these frequencies correspond to the 1, 2, and 3 Hz motion artifacts respectively, (b) Recorded motion artifacts for dry, CNT/aPDMS and 
Ag/AgCl electrodes for motions with frequencies of 1, 2, and 3 Hz and (c) their RMS values, (d) Attachment of the ECG electrode to the left chest. Triangle 
shaped RA, LA and LL electrodes represent leads I, II and III. (e) The thin and flexible ECG electrode was robusdy attached, (f) ECG waveforms recorded 
with leads I, II, and III for the Ag/AgCl, dry, and CNT/aPDMS electrodes. The waveforms of CNT/aPDMS are comparable to those of the Ag/AgCl 
electrode whereas noise and artifacts (arrow) are evident in the signals of the dry electrode. 



adhesive properties, it was affixed with air-permeable surgical tape 
(1533-1, 3M). The ECGs recorded with these electrodes are shown in 
Fig. 4f. The ECGs from the Ag/AgCl and CNT/aPDMS electrodes are 
very clear and similar. In contrast, the ECG from the dry electrode is 
noisy and the baseline is not reliable because drifts are evident. The 
CNT/aPDMS electrode produces clear and reliable ECG signals that 
are comparable to those of the commercial Ag/AgCl electrode even 
though it does not use gel. This tendency was dominantly observed 
when the distance between a couple of electrodes was reduced. When 
the distance was reduced to 2 cm, ECG amplitude from three differ- 
ent types were reduced as shown in Supplementary Fig. SI 2a. 
Although the dry electrodes showed an unstable and noisy ECG 



waveform, the CNT/aPDMS electrodes exhibited a relatively clear 
and reliable ECG waveform, even when compared to those of the Ag/ 
AgCl electrodes. We also tested the multiple peel-off process by 
repeatedly attaching and detaching the electrodes for 30 times with- 
out a cleaning procedure, but we did not find any difference in ECG 
waveform as shown in Supplementary Fig. S12b. This implies that 
the contact impedance was not significantly affected although there 
was a decrease in adhesion force during the attaching and detaching 
procedure (Fig. 2b). 

To evaluate the waveform accuracy of the ECG patch, we built an 
artificial chest with agarose gel and an ECG simulator (TMS3000, 
TRISMED) (Fig. SI 3a). We compared the signals recorded with the 
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Figure 5 | ECG measurements in watery environments, (a) The EGG electrode remains robustly attached to the chest even when the electrode is 
submerged in bath water. The EGG acquisition module was affixed to the left arm with an elastic band and a Bluetooth communication system 
transmitted the EGG signal to a (b) distant notebook wirelessly. (c) The EGG waveform recorded during the bath. An EMG signal (arrows) arose 
intermittently when the subject changed his body posture. 



Ag/AgCl and CNT/aPDMS electrodes. No differences are evident 
between the results obtained with these two electrodes, and the cor- 
relations of the measured signal were 0.998, 0.997, and 0.998 for 
simulated ECGs of leads I, II, and III respectively (Supplementary 
Fig. SI 3b). 

The ECG patch is also fuUy waterproof because the metal-pat- 
terned layer is encapsulated with PDMS, aPDMS and CNT/ 
aPDMS. To confirm that the patch is waterproof, we attached part 
of an ECG patch to the forearm (Fig. S14a) and stained it with blue- 
colored water. After rubbing the electrode wdth a finger several times, 
we removed colored water by using a tissue and then the electrode 
was peeled off (Video SI). It can be seen in Fig. S14b that the water 
did not penetrate the area in contact with the electrode. If the elec- 
trode was not in close and conformal contact with the skin, the water 
would penetrate into the gap between the electrode and skin and the 
electrode would be detached (Supplementary Fig. S14c). The surface 
of the ECG patch, however, is not only hydrophobic but also pene- 
trates into the wrinkles and is robustly attached to the skin. As a 
result, water cannot penetrate into the gap between the ECG patch 
and the skin; thus the subject can take a shower or get into a water- 
filled bath while their ECG signals are monitored. We confirmed the 
feasibility of the electrode by recording ECGs even when the elec- 
trode was submerged in a water-filled bath (Fig. 5a). To protect the 
ECG acquisition and wireless communication circuits from the 
water, we placed them into a waterproof plastic box with two coin 
batteries and affixed the box to the subject's left arm with an arm 



band. The ECG acquisition module transmits ECG signals using 
wireless communication, so the subject could freely move around 
the house while ECG was monitored (Fig. 5b). The connection cable 
was bonded to the CNT/aPDMS electrode by soldering, and FPCB 
was sealed. Wearing the tether-free ECG monitoring system, the 
subject entered the bath, and no effects on the signal of water or 
motion artifacts were observed (Fig. 5c, Video S2). EMG signals 
appeared only when the subject used the muscles of the chest such 
as during changes in posture. The ECG was successfully recorded 
with the wireless communication system even when the electrode 
and the system were fuUy submerged in water. 

Cytotoxicity and skin compatibUity tests. The cytotoxicity of CNT/ 
aPDMS was tested by culturing human fibroblast cells (CCD-986Sk) 
on CNT/aPDMS. After washing the cells with phosphate-buffered 
saline, they were detached from the flask. A total of 1 X 10^ cells were 
seeded and cultured for a week in Dulbecco's Modified Eagle 
Medium (Gibco BRL, Life Technologies, Inc.) with high glucose 
supplementation, 10% fetal bovine serum (Gibco) and 1% 
antibiotics containing 10,000 units of penicillin and streptomycin 
(Gibco), at 37°C in a humidified 5% CO2 environment. The 
cytotoxicity was evaluated with an Invitrogen Live/Dead Assay Kit. 
As a result, most cells were uniformly spread on the surface of CNT/ 
aPDMS maintaining their viability, which indicates that CNT/ 
aPDMS does not toxic to cells (Supplementary Fig. S15a). The 
viability of mouse fibroblast L929 cells on CNT/aPDMS was also 
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measured using Cell Counting Kit-8 (CCK-8; Dojindo Labora- 
tories, Tabaru, Japan) according to the manufacturer's instruc- 
tions. The cells were also cultured on aPDMS as a control group. 
After culturing the cells for 1, 3, and 7 days, the cell numbers 
increased 174% on day 3, and 1191% on day 7 for CNT/aPDMS; 
on aPDMS, the cell numbers increased 223% on day 3, and 1518% on 
day 7 (Supplementary Fig. SI 5b). On day 7, the viability of the cells 
on CNT/aPDMS remained 80%, compared to that of the cells on 
aPDMS. From these results, we conclude that the fibroblast cells 
highly proliferated on both aPDMS and CNT/aPDMS surfaces and 
also that CNT/aPDMS would be biocompatible. The CNT/aPDMS 
electrode was also continuously attached to the chest of a subject for a 
week to evaluate its skin compatibility. After a week, the skin where 
the electrode had been attached was normal and no itching or 
erythema was found (Supplementary Fig. SI 5c). On the other 
hand, as time passed by, the dead cells from the surface of the skin 
exfoliated and this resulted in reduced ECG amplitude as shown in 
Supplementary Fig. SI 6. However, the ECG waveform was still in 
high quality; and moreover, its amplitude was restored after a 
cleaning process. 

Discussion 

Inconspicuous continuous and robust monitoring of personal health 
with a skin-like system has long been a dream of humanity, and the 
proposed CNT/aPDMS electronics could realize this dream. The 
thickness of the electronics (ECG patch) is 120 |im and it is flexible, 
biocompatible, and stretchable. This electronics is self-adhesive and 
conformal contact is maintained even in the wrinkles of the epi- 
dermis, so the electronic can be used to robustly measure biosignals 
regardless of motion or the topology of the skin. In contrast to con- 
ventional electrodes, one triangular patch can be used to record ECG 
signals without lines and gel, and without glue for adhesion, which 
enables the long-term, continuous, comfortable, and robust record- 
ing of biosignals. The low modulus of CNT/aPDMS means that it can 
penetrate into the valleys of the skin similar to the gel, which enlarges 
the contact area and reduces the contact impedance significantly 
when compared to dry electrodes. Moreover its adhesion force was 
greatly enhanced compared to other conformal contactable electrode 
which relies on van der Waals force alone or other adhesives like 
silicone membranes, spray-on-bandages, Tegaderm films or silicon 
tapes^'^''^^ 

This electrode can be used for several times as its adhesion force is 
restored by cleaning procedure, and multiple peel off test revealed no 
significant changes in ECG waveform. However, this electrode can 
easily fracture due to its thinness, and thus should be handled with 
care. This causes the reusability of the electrodes to be comparatively 
lower than that of the rigid typed electrodes, especially the capacitive 
electrodes'^ ''^ However, its mechanical and electrical performance 
were much better than those of the capacitive electrodes. Moreover, 
its reusability should not be very low compared to the skin-like 
electrodes including the capacitive typed electrode^"*. 

This skin-like and self-adhesive electronics also exhibited reduced 
motion artifacts as CNT/aPDMS was not only penetrated but also 
adhered even to the grooves to prevent artifact induced by friction as 
soft elastomer acts like a skin adaptive foam'' '^. The robustness with 
respect to motion artifacts is comparable to that of Ag/AgCl electro- 
des. This electrode is fuUy waterproof, which enhances its feasibility 
and utility for biopotential monitoring in daily life. Even when sub- 
merged in water, an ECG can be successfully recorded, which means 
that the subject can participate in various daily events. This CNT/ 
aPDMS electrode can be attached to various locations of the body, so 
biosignals such as EOG or EMG can be recorded (Supplementary Fig. 
S17). Moreover, the terminals of the CNT/aPDMS electrode are 
solderable, so commercial electric elements can be directly integrated 
to it, which significantly extends its applications. CNT/aPDMS suc- 
cessfully penetrates the valleys of the skin, so the contact impedance 



is significantly reduced compared to that of dry electrodes. Almost 
100% of the skin surface to which the CNT/aPDMS electrode is 
attached in conformal contact with the electrode; since the imped- 
ance is inversely proportional to the area, the contact impedance with 
respect to the skin is minimized. Further, the conductivity of air is 
verypoor(3 X 10"'^to8 X 10"'^ S/m), so the amount of air between 
the electrode and the skin should be minimized. 

In conclusion, the use of CNT/aPDMS as an interfacial layer is a 
promising strategy for the development of a continuous and incon- 
spicuous health monitoring electronics. This approach combines the 
advantages of dry electrodes, such as semi-permanency, facility of 
use, and gel-free use, and those of wet electrodes such as reduced 
motion artifacts and high signal quality. Moreover, the self-adhesive 
property of CNT/aPDMS is another big advantage because glue also 
causes skin trouble. Although many surface electrodes have been 
developed, their use of gel is a significant obstacle to biomedical 
applications. The highly conformal adhesive properties of conduct- 
ive CNT/aPDMS eliminate the need for gel, which means that it can 
be extensively used in the inconspicuous continuous monitoring of 
personal health, the early diagnosis of critical diseases and interfacing 
between human and machine for game, robot control and prosthesis, 
and diverse mobile and wearable devices, which is one of recent hot 
issues. 

Methods 

Human experiments. The study protocol was approved by the Institutional Review 
Board (IRB) of Korea University, Seoul, South Korea, and all subjects provided 
written informed consent. The experiments were carried out in accordance with the 
approved guidelines of IRB. 

Fabrication Process. A 4 inch wafer with deposited Au/Ti was prepared before 
fabrication of the electrode for easy detachment from the Si wafer during fmal 
processing. PDMS was spin coated onto the metal-deposited wafer and fuUy cured in 
an oven. After treatment with O2 plasma to prepare a hydrophilic surface, PI 
(Durimide 7505, Fujifilm Electronic Materials) was spin coated onto the wafer. UV 
light was irradiated onto the PI layer to define the layout of the substrate, and a Au/Ti 
metal layer was deposited consecutively with electron beam evaporation then 
patterned by a wet etching process. Another PI layer was defmed as an insulation layer 
of the electrode, then Ni-plating was performed at the four terminals. After 
positioning a film shadow mask layer on the resulting electrode for selective casting, 
uncured CNT/aPDMS was poured and raked out with slide glass for uniform 
thickness. The shadow mask was removed, then the adhesive CNT/PDMS was fully 
cured in an oven and aPDMS was injected with a syringe to fill the rest of the area after 
covering the OHP film on the adhesion side. After curing, the triangular outline was 
cut with a blade then the electrode was detached from the wafer. 
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